Regulatory inactivation of DnaA helps ensure that the Escherichia coli chromosome is replicated only once per cell cycle, through accelerated hydrolysis of active replication initiator ATP-DnaA to inactive ADP-DnaA. Analysis of ⌬hda strains revealed that the regulatory inactivation of DnaA component Hda is necessary for maintaining controlled initiation but not for cell growth or viability.
Highly regulated initiation of chromosomal replication is a critical component of cell cycle control in both prokaryotes and eukaryotes. DnaA protein initiates DNA replication in Escherichia coli by binding to 9-mer DnaA boxes within the chromosomal origin, oriC (reviewed in references 7, 17, and 23). The origin DNA wraps around the DnaA complex (5, 6) and, in the presence of protein HU or integration host factor, causes neighboring AT-rich 13-mers to unwind (1, 3) . DnaA, aided by DnaC, directs loading of DnaB helicase onto the opened DNA (20, 25) , which is ultimately followed by replisome assembly (15, 19) .
It is important that chromosomal DNA is replicated completely once, and only once, for each cell division cycle (2, 8) . E. coli bacteria have several mechanisms that restrict the ability of DnaA to reinitiate DNA replication at oriC.
These include the sequestration of newly replicated, hemimethylated origin DNA by SeqA protein (18) and regulation of available free DnaA in the cell, mainly through titration of DnaA by the datA locus, which possesses a high affinity for DnaA (13, 14) .
Regulatory inactivation of DnaA (RIDA), a third mechanism, accelerates the hydrolysis of ATP-DnaA, the form active for initiation, to inactive ADP-DnaA (reviewed in reference 10). RIDA activity was originally found in a soluble cell extract that specifically inhibited in vitro replication from an oriCcontaining plasmid (9, 16) . This activity requires the ␤ subunit of DNA polymerase III loaded as a sliding clamp on template DNA and a partially purified factor, IdaB. RIDA is further stimulated by DNA synthesis (16) .
More recently, the novel Hda (for "homologous to DnaA") protein was shown to possess IdaB activity (11) . Hda has high sequence homology to the domain III ATPase region of DnaA, and both proteins belong to the AAA ϩ protein family. Proteins belonging to this family are prevalent throughout prokaryotes and eukaryotes and include many proteins known to be involved with the initiation of DNA replication, including various ORC, CDC, and MCM proteins in eukaryotes (21) .
Hda was identified as a multicopy suppressor of the ␤-subunit mutant allele dnaN36. In that study, Hda was stated to be essential since a ⌬hda::Cm r allele was shown to transduce with approximately 200-fold-higher efficiency into strain C600 cells that harbored a plasmid containing an hda fusion construct than into C600 cells possessing the empty vector (11) .
Independently, Hda was discovered through its link to RK2 plasmid DNA replication. This broad-host-range plasmid requires both host-encoded DnaA and self-encoding TrfA for initiation of DNA replication. Expression of the membranebinding fragment of TrfA is lethal, and Hda was identified as a suppressor of this lethality (12) .
Construction and screening of ⌬hda::Tet r , hda51::Tet r , and ⌬galK::Tet r strains. Recombinant strains of E. coli possessing the mutation ⌬hda::Tet r (Fig. 1A) , hda51::Tet r (Fig. 1B ), or ⌬galK::Tet r were constructed in order to analyze the effects of Hda function on cell growth and viability, as well as initiation control. These constructs were created by using the recombination system (28) . Recombinants were selected for on Luria-Bertani (LB)-tetracycline (10 g/ml) medium (22) and grown in LB-tetracycline (10 g/ml) liquid medium. Genomic DNA was screened by PCR with primers complementary to sequences immediately flanking the genomic hda coding sequence. These constructs were transduced into wild-type E. coli with P1 lysate.
A culture of the recipient bacteria (MG1655 or MC1061) was grown in LB medium to mid-log phase, and cells were harvested. Bacterial suspensions were mixed with an equal volume of P1 lysate (5 ϫ 10 7 PFU/ml) and a sterile mixture of 0.015 M CaCl 2 and 0.03 M MgSO 4 and incubated (37°C for 20 min) without agitation. A portion of each transduction mixture was spread onto LB-tetracycline (10 g/ml) plates for selection. Candidate transductants were grown in LB-tetracycline (10 g/ml) liquid medium, and the resulting strains were designated JE201 (MG1655 hda51::Tet r ), JE101 (MC1061 hda51::Tet These results indicate that, in strains JE101, JE102, JE201, and JE202, the Tet r cassette is properly placed to interrupt or delete the hda coding sequence and is not inserted elsewhere in the genome, leaving the wild-type hda gene intact at its native locus. For further confirmation, these same strains were also screened by Southern blotting (22) . The double-digested (PvuI and BglII) genomic DNA was resolved (22) and was probed with a 1.8-kb probe that encompasses hda plus an additional 500 bp in each direction. The bands obtained for MG1655, MC1061, JE101, and JE202 ( Fig. 2B) were 1, 1, 3, and 6 kb, respectively, and substantiate the results from the PCR analysis.
Growth rates of wild-type and mutant strains. Overnight cultures of wild-type and recombinant strains were back-diluted into fresh LB medium and LB-tetracycline (10 g/ml) medium, respectively, and grown at 37°C with shaking, and optical density readings, as an indication of growth, were recorded. Cultures of cells possessing the hda51::Tet r mutation were compared to their respective wild-type strains and found to have doubling times of 28 min (JE201) compared to 29 min (MG1655) and of 36 min (JE101) compared to 36 min (MC1061) (Fig. 3B) . A very small growth rate difference was observed in comparing cells that completely lack hda (⌬hda::Tet r ) with their respective wild-type strains, with doubling times of 39 min (JE202) compared to 33 min (MG1655) and of 39 min (JE102) compared to 36 min (MC1061) (Fig.  3A) . Additionally, the presence or absence of a functional hda gene had no effect on the final stationary-phase densities of the cell cultures. Similar absences of differences in growth between wild-type and mutant strains were seen with a minimal medium as well (data not shown). Therefore, a lack of Hda does not appear to have a significant effect on cell growth under these conditions.
Quantitative transduction of mutants into wild-type strains. If cells harboring the disrupted and deleted hda mutations require other compensatory mutations in order to survive, ⌬hda::Tet r and hda51::Tet r should transduce into a wild-type background with lower efficiency than that of the transduction of a mutated nonessential gene, such as ⌬galK::Tet r . For quantitative transduction, the same P1-mediated transduction procedure was followed as outlined above. P1 lysates grown on strains containing ⌬hda::Tet r , hda51::Tet r , or ⌬galK::Tet r were diluted to 5 ϫ 10 7 PFU/ml in LB medium. Recipient strains (MG1655 and MC1061) were grown in LB medium to mid-log phase and treated with the P1 lysates (multiplicity of infection, (Table  1 ). Since ⌬hda::Tet r and hda51::Tet r are as efficiently transferred into a wild-type E. coli background as is ⌬galK::Tet r , this suggests that hda is not essential for cell viability. Although less quantitative, the frequencies with which the mutant alleles were initially generated via the recombination system (data not shown) are consistent with the transduction frequency results and support the conclusion that hda is not essential for cell viability.
Since it had been reported previously that a ⌬hda::Cm r construct transduced with higher efficiency into a C600 background in the presence of an hda-containing vector than in its absence (11), we performed a similar experiment by first transforming C600 and MC1061 cells with a pET17b-derived vector containing a T7-tagged version of hda (pPK101). Previous work with this plasmid (12) demonstrated that this form of Hda is active as an inhibitor of replication in vivo and in vitro. RK2 plasmid is less stable in cells with copies of pPK101 and, conversely, more stable in cells lacking Hda (JE202). Furthermore, increased inner membrane-associated RK2 plasmid replication in vitro increases in membrane extracts prepared from JE202, and this enhanced replication can be inhibited by addition of purified, T7-tagged Hda protein (12) . The Hda encoded by pPK101 contains a conserved point mutation (V2A) and seven additional amino acids fused to the C terminus of the protein. Similarly, the Hda utilized in the previously mentioned study of Kato and Katayama (11) was part of a fusion protein (MBP-Hda-MycЈHis).
Our results show that ⌬hda::Tet r transduces with similar efficiencies into the MC1061 and C600 strains carrying an empty vector as into the same strains carrying an hda expression vector (Table 1) . Also, there was not a significant difference in transduction efficiencies between the MC1061 and C600 strains, so strain background differences do not appear to account for the differences between our results and those previously published (11) . The transduction efficiency differences may be due to differences in the ⌬hda constructs themselves or to the P1 transduction procedure. The use of different drug resistance genes, and perhaps their orientation, to delete hda may result in varied polar effects on the expression of neighboring genes, making it seem as though hda is an essential gene in one case but not the other. With regard to our transduction procedure, it involves a short incubation period (20 min), so it is unlikely that mutations complementary to ⌬hda would develop during such incubation, leading to an increase in total transductants.
Flow cytometry analysis. For flow cytometry measurements, cells were grown in AB minimal medium (4) supplemented with thiamine (10 g/ml), glucose (0.2%) and Casamino Acids (0.5%). Exponentially growing cells (optical density at 450 nm, 0.15) were treated with rifampin (150 g/ml), which inhibits transcription and therefore also replication initiation, and cephalexin (10 g/ml), which inhibits cell division. Growth was on October 14, 2017 by guest http://jb.asm.org/ continued for four to five generations to allow ongoing replication to finish. The treated cells were fixed as described previously (27) . Fixed cells were stained in fluorescein isothiocyanate (1.5 g/ml) overnight (27) . The DNA within these cells was stained with Hoechst 33258 (1.5-g/ml final concentration). Flow cytometry analysis was performed with a FACStar instrument (Becton Dickinson) equipped with an argon ion laser and a krypton laser (both from Spectra Physics), as described previously (26) . Cells treated as described above end up with an integral number of chromosomes, which represents the number of origins at the time of drug treatment (24) . In a culture of cells with synchronous initiation, the integral number of chromosomes is 2 n (n ϭ 1, 2. . .). Asynchronous initiation results in cells with an integral number of chromosomes different from 2 n . Most of the cells in the culture of a wild-type strain (MG1655) contained four origins, and some contained two, while a few contained eight origins (Fig. 4) . This shows that initiation of replication under these conditions occurs early in the cell cycle at two origins. A similar distribution of origins was found for cells containing the disrupted hda51::Tet r allele (JE201). In the ⌬hda::Tet r deletion strain (JE202), cells contained three, five, six, and seven origins in addition to two, four, and eight, indicating that initiation of replication occurs asynchronously in these cells. The average number of origins per cell was about four in the two former strains while it was about six in JE202. The increased average number of origins indicates that cells tend to overinitiate, meaning that more than the normal number of origins per cell are initiated per cycle, and this is presumably the reason for the asynchrony phenotype seen here. Similar results were obtained with strain MC1061 and its derivatives (data not shown).
The extra initiations caused by the lack of Hda protein presumably occur due to increased levels of ATP-DnaA, and it is reasonable to suppose that they occur on fully methylated origins after sequestration is over. Normally the initiation potential is reduced during sequestration by (i) titration of free DnaA by newly replicated datA sites (13, 14) and (ii) conversion of ATP-DnaA to ADP-DnaA by RIDA activity of the replication fork. The results presented here show that datA titration is not sufficient to suppress overinitiation and that inactivation of active ATP-DnaA is also required.
Interestingly, the disrupted hda51::Tet r strain did not show an overinitiation and asynchrony phenotype. Orientation of the tetA-tetR insertion between bp 50 and 51 of hda is such that transcription of tetR is in the same direction as the 5Ј-to-3Ј remaining 697 bp of hda (Fig. 1A) . It is therefore possible, via transcriptional read-through and translational restart, that an amino-terminally truncated Hda protein is synthesized in cells of this strain. If so, that would indicate that the first 16 amino acids of the Hda protein are not necessary for regulation of initiation frequency.
Previous investigations have established that proper timing requires both sequestration by SeqA protein (18) and titration of DnaA by the datA site (14) . Here we show that the third known mechanism of preventing secondary initiations, RIDA, is also indispensable for controlled genomic replication during exponential growth. We are grateful to Kirsti Solberg Landsverk at the Department of Biophysics flow cytometry facility for expert running of the flow cytometer and to Anne Wahl for excellent technical assistance.
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